The transcription factor Foxp1 is critical for early B cell development. Despite frequent deregulation of Foxp1 in B cell lymphoma, the physiological functions of Foxp1 in mature B cells remain unknown. Here, we used conditional gene targeting in the B cell lineage and report that Foxp1 disruption in developing and mature B cells results in reduced numbers and frequencies of follicular and B-1 B cells and in impaired antibody production upon T cell-independent immunization in vivo. Moreover, Foxp1-deficient B cells are impaired in survival even though they exhibit an increased capacity to proliferate. Transcriptional analysis identified defective expression of the prosurvival Bcl-2 family gene Bcl2l1 encoding Bcl-xl in Foxp1-deficient B cells, and we identified Foxp1 binding in the regulatory region of Bcl2l1. Transgenic overexpression of Bcl2 rescued the survival defect in Foxp1-deficient mature B cells in vivo and restored peripheral B cell numbers. Thus, our results identify Foxp1 as a physiological regulator of mature B cell survival mediated in part via the control of Bcl-xl expression and imply that this pathway might contribute to the pathogenic function of aberrant Foxp1 expression in lymphoma.
The transcription factor Foxp1 is critical for early B cell development. Despite frequent deregulation of Foxp1 in B cell lymphoma, the physiological functions of Foxp1 in mature B cells remain unknown. Here, we used conditional gene targeting in the B cell lineage and report that Foxp1 disruption in developing and mature B cells results in reduced numbers and frequencies of follicular and B-1 B cells and in impaired antibody production upon T cell-independent immunization in vivo. Moreover, Foxp1-deficient B cells are impaired in survival even though they exhibit an increased capacity to proliferate. Transcriptional analysis identified defective expression of the prosurvival Bcl-2 family gene Bcl2l1 encoding Bcl-xl in Foxp1-deficient B cells, and we identified Foxp1 binding in the regulatory region of Bcl2l1. Transgenic overexpression of Bcl2 rescued the survival defect in Foxp1-deficient mature B cells in vivo and restored peripheral B cell numbers. Thus, our results identify Foxp1 as a physiological regulator of mature B cell survival mediated in part via the control of Bcl-xl expression and imply that this pathway might contribute to the pathogenic function of aberrant Foxp1 expression in lymphoma.
immunology | transcriptional regulation | B cell survival | B cell quiescence F orkhead box (Fox) transcription factors constitute a large family of regulatory proteins that play critical roles in organ development, cell division, survival, and metabolism in multiple tissues and in particular in the immune system (1) (2) (3) . Foxp1 is one of four subfamily members that can form homo-or heterodimers to interact with transcription factors such as NFAT and SMRT in larger transcription cofactor complexes (4, 5) to activate or inhibit gene transcription depending on the cellular context (6) (7) (8) (9) (10) . Foxp1 is expressed throughout B cell development as well as in mature naïve B cells and B-1 B cells (6, 11) . Interestingly, Foxp1 is deregulated via recurrent chromosomal translocations in mature B cell lymphoma, including diffuse large B cell lymphoma (DLBCL) or mucosa-associated lymphoid tissue lymphoma (12) (13) (14) (15) , and high-level expression of Foxp1 correlates with inferior clinical outcome (16) (17) (18) . Nevertheless, the physiological function of Foxp1 in mature naive B cells is not well defined.
Gene targeting and germline inactivation of Foxp1 in mice results in embryonic lethality (19) . Transplantation of Foxp1-deficient fetal liver cells into recombination activating gene (Rag) 2-deficient mice revealed that, during early B cell development, Foxp1 acts as a transcriptional activator of Rag1 and Rag2 genes, thereby influencing V(D)J Igh gene rearrangement and hence B cell lymphopoiesis (6) . Consequently, Foxp1 deficiency in early lymphoid precursors results in a block at the transition of pro-B to pre-B cell stage and severely reduces the peripheral mature B cell compartment. Similarly, down-regulation of Foxp1 via siRNA or miR-34a overexpression in bone marrow (BM) resulted in a partial developmental B cell block and diminished mature B cell frequencies (20) . Although these experiments clearly define the essential roles of Foxp1 in early B cells, the Foxp1-dependent differentiation block prevents a genetic loss-of-function analysis of Foxp1 mature B cells.
To overcome these problems, we generated a conditional Foxp1 allele. By using CD19-Cre-mediated deletion or acute deletion of Foxp1 via Mb1CreERT2, we report here that Foxp1 plays an essential role in the survival, maintenance, and quiescence of peripheral mature B cells and is crucial for the development of specific B cell subpopulations.
Results and Discussion
Generation of Fetal Liver Chimera and B Cell-Specific Foxp1 Conditional KO Mice. To study cell type-specific functions of Foxp1 in vivo, we introduced loxP sites into the Foxp1 gene locus flanking the regions of exons 10-12 that encode the major part of the DNA-binding forkhead domain (Fig. S1A ). Crossing these mice to a ubiquitous Cre-deleter mouse strain resulted in germline deletion of Foxp1 and confirmed lethality at approximately embryonic day (E) 15.5 ( Fig.  S1B) (19 (Fig. S1 C-E) (6). Foxp1-depleted T cells were generated in these mice as previously published (Fig. S1E) (6) . Next, we crossed mice carrying the Foxp1 flox allele to CD19-Cre transgenic mice, in which the earliest deletion of loxP-flanked regions starts at the pro-B cell stage and continues throughout B cell development (21, 22 ) revealed an efficient deletion of the Foxp1 locus (Fig. S1F) . Consistently, the WT Foxp1 protein is absent in peripheral B cells (Fig. S1G) . A mutated Foxp1 protein (Foxp1-ΔE10-12) that is expressed at a low level in Foxp1 flox/del;CD19 B cells does not exhibit DNA binding activity (Fig. S1H) . The fact that heterozygous Foxp1 wt/del or Foxp1 wt/flox;CD19 mice do not exhibit any apparent developmental defects or abnormalities in the immune system further indicates that the remaining Foxp1-ΔE10-12 does not exert any dominant-negative or gain-of-function activities. (Fig. S2A ). Further analysis of the B cell fractions according to Hardy et al. (23) revealed that the B cell development in Foxp1 flox/flox;CD19 mice is disturbed, with a relative increase from fractions A-D and a significant decrease for fraction E (Fig. 1A and Fig. S2 B and C) . Next, we measured the frequencies and numbers of B cell subsets in peripheral lymphoid organs by flow cytometry. We detected reduced B cell frequencies and a decrease in total B cell numbers of ∼40% in spleens of Foxp1 flox/del;CD19 mice compared with control mice, whereas the total numbers of splenic T cells did not differ between the two groups ( Fig. 1B and Fig. S2D ). To bypass consequences of the Foxp1 deletion during early B cell differentiation, we also crossed the Foxp1 flox/flox strain to the B cell-specific tamoxifen-inducible Cre line Mb1CreERT2 (24) and administered tamoxifen for five consecutive days to the offspring (Foxp1 f lox/flox;Mb1CreERT2 ). After this acute deletion of flox/flox;Mb1CreERT2 and control mice treated for five consecutive days with tamoxifen. Percentages of B-1a cells are shown (n = 3, respectively). *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. n.s., not significant. the possibility that the observed effects in B cell numbers are simply secondary to a skewed B cell receptor repertoire.
To study the functional consequences of Foxp1 deficiency in B cells, we next measured Ig concentrations in sera of unchallenged Foxp1 flox/del;CD19 mice and controls. Whereas IgM, IgG2, and IgG3 concentrations were largely comparable to control levels, IgG1 antibody titers were slightly elevated and IgA titers were reduced in Foxp1 flox/del;CD19 mice (Fig. S4A) . Next, we immunized Foxp1 flox/del;CD19 mice with the T cell-independent antigen 2,4,6-trinitrophenyl (TNP)-Ficoll and analyzed the subsequent antigenspecific immune responses in the sera of immunized mice by ELISA. As TNP-specific IgM was reduced in sera of Foxp1 flox/del;CD19 mice even before immunization, we normalized levels to baseline titers at day 0 to determine the increase in IgM levels upon challenge. After T-independent immunization, Foxp1 flox/del;CD19 mice principally retained the capacity to produce TNP-specific antibodies, presumably via their functional MZ B cell compartment (26, 27) . However, TNP-specific IgM and IgG3 antibody titers were reduced in sera of Foxp1 flox/del;CD19 mice compared with controls after immunization ( Fig. 2A) . We next isolated peritoneal B cells and performed in vitro differentiation assays by cultivating these cells with LPS or CD40L in the presence of IL-4. We found that the frequency of CD138 + plasma blasts derived from Foxp1-deficient B-1 cells was reduced compared with control cells (Fig. 2B) , indicating an intrinsic differentiation defect of Foxp1-deficient B-1 cells into antibody secreting cells. Thus, the observed reduction of TNP-specific antibody titers might be explained by the diminished peritoneal B-1 B cell numbers in vivo (28) in addition to reduced differentiation capacity of Foxp1-deficient B-1 B cells to plasma blasts in vitro.
Next, we immunized mice with the antigen 4-hydroxy-3-nitrophenylacetyl hapten conjugated to ovalbumin (NP-OVA) to investigate T cell-dependent immune responses. The relative increase of NP-OVA-specific IgM, as well as the total NP-OVAspecific IgG1 antibody titers in the sera of Foxp1 flox/del;CD19 mice, were comparable to antibody titers in sera of control mice after immunization ( Fig. 2 C and D) . mice were similar to those in control mice (Fig. S4 B-D) . When cultured on feeder cells expressing BAFF and CD40L in the presence of IgM and IL-4 in vitro (29), Foxp1-deficient splenic B cells differentiated into GC-like B cells expressing GL-7 and IgG1, similar to control cells (Fig. S4E) . These results are consistent with the observed down-regulation of Foxp1 during GC B cell function (30) , arguing against a critical function of Foxp1 during the GC reaction. Stimulated with LPS or CD40L in the presence of IL-4, splenic Foxp1-deficient and control B cells secreted comparable amounts of IgM (Fig. S4F) . Taken together, our results demonstrated that the transcription factor Foxp1 is required for the generation of functional peritoneal B-1 B cells and is therefore essential for optimal T cell-independent immune responses, but is dispensable for T cell-dependent humoral immune responses. (Fig. 3A and Fig. S5A ). When stimulated with signals supporting survival of B cells like IL-4 alone or in combination with LPS or CD40L, Foxp1-deficient B cells again exhibited reduced survival in vitro (Fig. 3B) . Next, we used staining for B220 and activated Caspase 3 in immunohistochemistry and confirmed increased B cell apoptosis in the absence of Foxp1 in vivo (Fig. 3C) . To further analyze survival of peripheral Foxp1-deficient B cells in the absence of de novo lymphopoiesis (31), we blocked the influx of B cells from the BM by injecting mice with anti-IL-7 receptor (IL-7R) antibodies, which resulted in an increased B/T cell ratio in the spleen of WT mice (Fig. 3D ) (32) . This effect, however, was not observed in mice with Foxp1-deficient B cells, indicating reduced B cell survival (ratio of 1.46 in controls vs. 0.95 in Foxp1 flox/del;CD19Cre mice; Fig. 3D ). Therefore, peripheral Foxp1-deficient B cells also exhibited reduced survival in vivo. (C ) Relative increase after normalization to day 0 (i.e., before immunization). *P < 0.05, **P < 0.01, ***P < 0.001. n.s., not significant.
Next, we investigated B cell proliferation in the presence and absence of Foxp1. First, we monitored cell division of unstimulated splenic CD19 + B cells after EdU incorporation by flow cytometry and observed significantly more Foxp1-deficient B cells in S-phase compared with control B cells. IgM stimulation revealed an even more pronounced proliferation of Foxp1-deficient B cells (Fig. 3E and Fig. S5B ). This was further confirmed by using carboxyfluorescein succinimidyl diester (CFSE) dilution assay after IgM stimulation at 24 h (Fig. S5C) . However, optimal in vitro B cell stimulation using CD40L or LPS in combination with IL-4 induced similar levels of proliferation in Foxp1-deficient compared with WT B cells (Fig. S5D) (Fig. 3F) . Similarly, ex vivo analysis of Ki-67 expression confirmed higher proliferation levels of Foxp1-deficient mature B cells (Fig. 3G) . Analysis of the expression of activation markers in splenic Foxp1-deficient B cells revealed an increase in cell size and up-regulation of CD86, MHCII, and CD43, as well as down-regulation of CD62L, compared with WT cells (Fig. S5E) . These findings indicate an activated B cell phenotype and a potential transition of Foxp1-deficient B cells from a quiescent to an activated state. mice and control mice by using microarrays (Fig. 4A) . One of the most significantly down-regulated transcripts was a key regulator of cell survival, Bcl2l1, encoding Bcl-xl. This down-regulation and that of other apoptotic genes was verified by using quantitative RT-PCR (Fig. S6A ). In line with these results, acute deletion of Foxp1 in IL-7-expanded pro-B cells from Foxp1 flox/flox mice in vitro demonstrated a significant down-regulation of Foxp1 (Fig. S6B) . Furthermore, acute in vivo deletion of Foxp1 in Foxp1 flox/flox;Mb1CreERT2 mice led to a reduced expression of Bcl-xl in mature B cells as shown by immunoblot (Fig. 4B) . Together these data demonstrate the requirement for Foxp1 in Bcl-xl expression. To investigate whether Foxp1 directly controls Bcl2l1 transcription, we performed a sequence analysis of the Bcl2l1 promoter region. We identified putative Foxp1 binding sites within the first 1.5 kb in the 5′ region of the Bcl2l1 start codon (Fig. 4C, Top) in different orientations (6) . To test direct Foxp1 binding to these regions, we performed pull-down experiments with oligonucleotides containing the individual putative Foxp1 binding sites, derived from the murine Bcl2l1 promoter. We detected highly specific binding of Foxp1 from primary B cells or Ba/F3 cells to one of three regions (Fig. 4C) , indicating that Foxp1 binds to the Bcl2l1 promoter region and may directly regulate the transcription of Bcl2l1.
We next crossed the Foxp1 flox/del;CD19 mice to Bcl2 transgenic mice that constitutively express Bcl2 under the control of the vav promoter in all hematopoietic cells (33) . Bcl-2 is a functional homolog of Bcl-xl, and, although the gene expression of these two factors is dependent on the differentiation state and context of lymphocyte subsets, Bcl2 can functionally compensate for Bcl-xl (34, 35) . Transgenic expression of Bcl-2 was unable to overcome the defect in early B cell development as shown by the number of immature B cells (Fig. 4D and Fig. S6C ). Nevertheless, splenic B cell frequencies in (n = 6) mice were fixed and stained ex vivo for the expression of B220 and Ki-67. Percentages of B220 + and Ki-67 + cells are shown. *P < 0.05, **P < 0.01, ***P < 0.001. n.s., not significant.
by Bcl-2 in vivo (Fig. 4E) . Histology analysis confirmed reduction of active Caspase 3 upon Bcl2 overexpression (Fig. S6D) . In vitro survival assays confirmed the survival benefit of Bcl-2 Foxp1-deficient B cells (Fig. S6E) . However, Foxp1-deficient B cells expressing Bcl-2 still showed an activated phenotype (exemplarily shown by CD62L staining; Fig. S6F ). Thus, our results demonstrate that increased Bcl-2 family-mediated apoptosis is a major contributor to the reduced B cell count in the periphery of Foxp1 flox/del;CD19 mice. In conclusion, in this study, we found genetic evidence that Foxp1 regulates the transcription of Bcl2l1, coding for Bcl-xl in mature primary B cells. Recent independent ChIP sequencing experiments in human B cell lymphoma cells additionally implicated direct Bcl-xl control by Foxp1 (36) . In our microarrays, Foxp1 deletion also resulted in differential regulation of S1pr2, Lpp, and Aicda, which were previously identified as Foxp1 targets in DLBCL cell lines (36, 37) . Down-regulated genes in Foxp1-deficient B cells included the dual-specific phosphatase Dusp14, which can negatively regulate antigen receptor signaling in T cells (38) , and the negative regulator Ctla4, which can limit IgM-mediated early immune responses (39) . Defective Dusp14 or Ctla4 expression are likely to contribute to the activated phenotype seen in Foxp1-deficient B cells, in line with the previously published function of Foxp1 in maintaining quiescence of T cells (40, 41) . Interestingly, bioinformatic pathway analysis using the Kyoto Encyclopedia of Genes and Genomes and the Database for Annotation, Visualization, and Integrated Discovery did not reveal deregulations of quiescence controlling pathways such as mTOR or Foxo1 signaling as causes for the increased proliferation of Foxp1-deficient B cells. Thus, further studies are required to dissect the precise mechanisms of Foxp1-dependent quiescence control in B cells.
Overexpression of Foxp1 in human DLBCL lines and primary human B cells represses a number of proapoptotic genes, such as Bik, Eaf2, and Hrk, and cooperates with NF-κB activity to promote B cell survival (42). Together with the data presented here, we suggest that the high levels of Foxp1 expression in lymphoma cells are likely to prevent these cells from undergoing apoptosis. Furthermore, Foxp1 knockdown in human DLBCL cell lines induces increased MHCII expression (43, 44) similar to what we describe here after Foxp1 deletion. Thus, Foxp1 could possibly also affect tumor immunosurveillance during lymphomagenesis, which requires further investigations. flox/del;CD19;Bcl2tg mice stained for B220 and CD3. Bar graph summarizes results of six individual mice per group. Controls are pooled results of Bcl2tg control mice and WT mice, which did not differ in B and T cell numbers. *P < 0.05 and **P < 0.01. n.s., not significant.
Materials and Methods
Mouse Strains and Breedings. The complete targeting strategy for generation of the conditional Foxp1 allele is described in SI Materials and Methods. Expression of Bcl2 transgene in hematopoietic cells was achieved by crossing to vav-Bcl2 transgenic mice (33 (control) and Foxp1 flox/del;CD19 mice were isolated by FACS, and RNA was extracted by the RNeasy Plus Mini Kit (Qiagen). Total RNA was processed according to Affymetrix standard protocols and hybridized to the murine expression array MOE430 2.0 (Affymetrix). Expression data were processed in R by using the Bioconductor packages "gcrma" and "limma." Genes differentially expressed at least log 1.5-fold in control vs.
Foxp1-deficient cells were determined with a P value cutoff of 0.05 and Benjamini-Hochberg false discovery rate correction. For annotation, the package "mouse4302.db" version 3.0.0 was used. Microarray data have been deposited in the Gene Expression Omnibus database under accession number GSE85240.
Statistics. P values were determined by Student's two-tailed t test for independent samples on all experimental data sets with Microsoft Excel or Prism 6 (with exception of the microarray data analysis). All data are shown as means ± SD. In all figures, significant differences are indicated with a single asterisk for P < 0.05, double asterisks for P < 0.01, triple asterisks for P < 0.001, and quadruple asterisks for P < 0.0001. "n.s." indicates not significant.
